ABSTRACT This study compared the effect of different amylases on the utilization of cornstarch in broiler chickens fed a corn-based diet. Three-day-old Arbor Acres plus male chickens were randomly divided into 7 treatments and fed a diet supplemented with different sources and concentrations of amylase: 1,500 U/kg and 3,000 U/kg α-1,4 amylase from Aspergillus oryzae (α-amylase A); 480 U/kg and 960 U/kg α-1,4 amylase from Bacillus subtilis (α-amylase B); 200 U/kg and 400 U/kg α-1,6 isoamylase from B. subtilis; and the control. The experimental period comprised 11 d, during which performance, nutrient digestibility, digestive enzyme activity, intestinal morphology, and glucose transporter transcription of the chickens were evaluated. The results indicated that 1,500 U/kg α-amylase improved the digestibility of energy and decreased the feed conversion rate compared to α-1,6 isoamylase (P < 0.05). Supplemental 400 U/kg α-1,6 isoamylase decreased ileal digestibility of amylopectin and total starch (P < 0.05) compared to 200 U/kg α-1,6 isoamylase, α-amylase A, α-amylase B, and the control (P < 0.05). Supplemental α-1,6 isoamylase decreased (P < 0.05) insulin content. Supplemental 3,000 U/kg α-amylase A and α-1,6 isoamylase increased (P < 0.05) the relative weight of the liver. In addition, 3,000 U/kg α-amylase A, 480 U/kg α-amylase B, and α-1,6 isoamylase decreased the V:C in the duodenum and ileum. α-amylase A increased sucrase activity in the jejunum (P < 0.05), whereas 400 U/kg α-1,6 isoamylase reduced maltase activity in the duodenum (P < 0.05). Furthermore, 3,000 U/kg α-amylase A and α-amylase B decreased (P < 0.05) sodium/glucose cotransporter 1 (SGLT1) mRNA expression in the duodenum and jejunum. However, 200 U/kg α-1,6 isoamylase increased glucose transporter 2 (GLUCT2) in the duodenum (P < 0.05). These results suggest that exogenous amylase affects the digestibility of starch by affecting disaccharidase activity in the intestine, nutrient requirements for intestinal maintenance by the V:C, and nutrient absorption and metabolism via GLU transporter mRNA expression. Different sources and concentrations of amylases had varying effects on broilers.
INTRODUCTION
Starch is the major energy-yielding component of corn and provides more than half of the apparent metabolizable energy (AME) content of the diets of broiler chickens (Cowieson et al., 2005) . Starch digestion affects the AME of the diet (Gracia et al., 2003; Kaczmarek et al., 2014) , and influences broiler growth and the feed conversion ratio. Starch digestion can also affect plasma glucose (GLU) levels (Englyst et al., 1996) , hormone concentrations (Gao et al., 2008) , and expression of sodium/glucose cotransporter 1 (SGLT1) genes in the intestine (Shimada et al., 2009) .
Previous studies have shown that starch digestion is incomplete in the broiler small intestine (Noy and Sklan, 1995; Meng et al., 2005) , due to the lower daily net secretion of amylase in the duodenum of young chicks (Noy and Sklan, 1995) . Therefore, an exogenous supply of amylase might be needed to match the requirement of the birds and improve performance early in life. Supplemental α-amylase alone may significantly increase digestibility of organic matter and starch, increase AME of the diet (Gracia et al., 2003; Kaczmarek et al., 2014) , and improve body weight (BW) gain or feed conversion (Gracia et al., 2003; Onderci et al., 2006; Jiang et al., 2008; Kaczmarek et al., 2014) . Supplemental α-amylase also increases the activity of intestinal endogenous enzymes for the breakdown of a corn-based diet (Jiang et al., 2007) and the length of the villi in the intestine (Ritz et al., 1995; Onderci et al., 2006) . Adding α-amylase reduces the pancreas' secretion of amylase and proteases in chicks (Mahagna et al., 1995) , thereby reducing pancreas weight (Gracia et al., 2003) .
However, the effects of exogenous amylase on growth performance and intestinal physiology of broilers are variable. No improvement in starch digestibility was found when α-amylase was supplemented to broiler chicks during the first 14 d of life (Mahagna et al. 1995) , and no performance benefit has been observed (Yegani and Korver, 2013; Kaczmarek et al., 2014) . The effect of amylase depends on the origin of amylase (Gracia et al., 2003; Yegani and Korver, 2013) , supplementary level (Gracia et al., 2003; Jiang et al., 2008; Zhang et al., 2012) , feed form (Gracia et al., 2003) , grinding particle size (Kaczmarek et al., 2014) , and corn source and dietary phases (Yegani and Korver, 2013) . Corn starch is composed of two polymers of GLU, amylose (AM) and amylopectin (AMP), with AMP accounting for 70 to 80% . Amylopectin contains both α-1,4 glucosidic and α-1,6 glucosidic bonds. Chicks only secrete α-1,4-glucosidic bond α-amylase, a short enzyme that hydrolyzes α-1,6-glucosidic linkages. Isoamylase, also known as the debranching enzyme, hydrolyzes α-1,6 glucosidic branch linkages in GLU, AMP, and their beta-limit dextrins. The supplementation of a broiler diet with α-1,6 isoamylase could improve the digestibility of nutrients, AME, and broiler performance (Huang, 2014) .
Most studies have focused on the effect of broiler diets supplemented with α-amylase (Gracia et al., 2003; Jiang et al., 2007; Jiang et al., 2008; Kaczmarek et al., 2014; Romero et al., 2014) , and the effect of α-1,6 isoamylase has not been confirmed. In addition, the source of the enzyme affects the optimum pH and temperature of amylase, and different α-amylase sources have different hydrolyzing effects on glycogen (Palacios et al., 2004) . The types and concentrations of amylase that are beneficial for young chicks remain unclear. Therefore, the present study aimed to study the effects of supplementing a corn-soybean diet with different sources and concentrations of α-amylase and α-1,6 isoamylase, and to evaluate performance, nutrient digestibility, and development of the gastrointestinal tract in broilers.
MATERIALS AND METHODS
The present study was approved by China Agricultural University and conducted in accordance with the Guidelines for Experimental Animals.
Enzymes
The enzymes were all purchased from a market in Beijing, China. α-Amylase (EC 3.2.1.1) was from Bacillus subtilis (2,000 U/g) and Aspergillus oryzae (3,000 U/g); α-1,6 isoamylase (EC 3.2.1.68) was from B. subtilis (2000 U/g).
Dietary Treatments and Feeding
One-day-old Arbor Acres plus male chicks (630 chicks), obtained from a local commercial hatchery, were raised in 3-tier cages and fed a control starter diet. When the chickens were 3 d old, they were individually weighed and placed in cages (average weight of each cage of chickens was similar). The cages were then randomly allotted to 1 of 7 treatments (6 replicates with 15 chicks each).
Chicks were fed a starter diet from 3 to 14 d of age; the diets were formulated to meet or exceed the minimum nutrient requirements recommended by the National Research Council (1994). The basal diet was a corn-soybean diet, supplemented with an enzyme preparation ( Table 1) . The premixed enzyme preparation was added as dry material to the mixture. The experimental diet included 1,500 and 3,000 U/kg α-1,4 amylase from A. oryzae (α-amylase A), 480 and 960 U/kg α-1,4 amylase from B. subtilis (α-amylase B), and 200 and 400 U/kg α-1,6 isoamylase from B. subtilis per kilogram of diet, based on advised dosage. The diet was supplemented with 0.5% TiO 2 as an inert marker.
The chickens were reared within a windowless, environmentally controlled facility. The initial temperature of 33
• C was reduced as the birds aged until reaching 27
• C at 14 d. The chicks were kept under 23 h light, with free access to feed and water throughout the experiment.
Performance
Body weight of 14-day-old broilers (after a 6-h fast), and feed intake was measured to determine BW, body weight gain (BWG), and feed/gain. Mortality and culling were recorded daily for each pen. The mortalityadjusted feed conversion rate (FCR) was calculated as total feed per pen divided by total weight of live plus dead and culled birds.
Tissue and Digestive Samples
At 14 d of age, 1 bird per pen was selected. Blood samples were taken from the wing vein and centrifuged at 1,500 × g for 10 min to obtain serum to determine glucose (GLU), triglyceride (TG), and total cholesterol (TC) content using commercial analytical kits according to the manufacturer's recommendations (Jian Cheng Bioengineering Institute, Nanjing, China). Insulin (INS), triiodothyronine (T 3 ), and tetraiodothyronine (T 4 ) levels were determined using a radioimmunoassay (Beijing Huaying Biotechnology Company, Beijing, China).
Organ Size and Intestinal Histomorphology
At 14 d of age, birds were kept off feed for 3 h and then allowed to feed. Two hours after feeding, 3 birds per cage were euthanatized with CO 2 , and the proventriculus, gizzard, liver, and small intestine were removed. The weight of the empty proventriculus, gizzard, and liver was then calculated, relative to BW.
To measure the histomorphology of the intestine, 0.5-cm sections of the middle duodenum, jejunum, and ileum from 1 chicken per cage were excised, rinsed, and placed in 10% neutral-buffered formalin for fixation. Villus height and crypt depth was measured for 15 randomly selected villi and crypts for one section per chick at 40X magnification. The villus height:crypt depth ratio (V:C) was then calculated from these measurements.
Digestibility of Nutrients
The content of the ileum was collected (from Meckel's diverticulum to 1 cm above the ileo-cecal junction). Digesta samples from 3 birds within a cage were pooled to yield 6 replicates per treatment. The ileal digesta samples were frozen, freeze-dried, ground, and analyzed for total starch, AMP, AM, and TiO 2 , in order to calculate the ileal apparent digestibility of starch. Total starch was determined using the α-amylase glucosidase method (996.11), as described by the Association of Official Analytical Chemists (AOAC, 2003) . Amylose and AMP were determined using the method described by Lin et al. (2010) . TiO 2 content was determined using the spectrophotometry method of the AOAC (2003).
Amylase, Trypsin, and Lipase Activity
To measure the activity of amylase, trypsin, and lipase, the contents of the duodenum and jejunum were collected from one bird per cage, frozen in liquid nitrogen, and stored at -80
• C. The contents were homogenized in a solution of 100 mM mannitol and 2 mM HEPES/KOH (pH 6.5), centrifuged at 2,200 × g for 10 min, and aliquots of the supernatant were analyzed using kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) to measure the activity of amylase, trypsin, and lipase, and the concentration of protein.
The activity of amylase, trypsin, and lipase was expressed as U/g protein.
Maltase and Sucrase Assay
The duodenum and jejunum from 1 bird per cage was opened lengthwise, and the mucosa was cleaned (by scraping with a microscope slide) and collected. The mucosa was subsequently frozen using liquid nitrogen, and then stored at -80
• C until they were used to measure the activity of sucrase and maltase.
The mucosa tissues of the duodenum and jejunum were homogenized. Both sucrase (EC 3.2.1.48) and maltase (EC 3.2.1.20) were assayed by spectrophotometry using kits (Sucrase Assay Kit and Maltase Assay Kit, Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Jejunal Gene Expression
To measure mRNA expression of sodium/glucose cotransporter 1 (SGLT1) and Glucose transporter 2 (GLUT2), 0.5-cm sections of the duodenum and jejunum were collected from one bird per pen, flushed with cold PBS, frozen using liquid nitrogen, and stored at -80
• C. Total RNA was extracted according to the instructions of the SV Total RNA Isolation System (Z3100; Promega, Madison, USA) and resuspended in diethylpyrocarbonate-treated water. The concentration and quality of the total RNA was determined at an absorbance of 260 nm and agarose gel electrophoresis, respectively. Then, 1.0 μg of total RNA was reversed into single-stranded cDNA with Avian Myeloblastosis Virus Reverse Transcriptase (Promega, Madison, WI) using an oligo (dT) 15 primer in the presence of recombinant RNase in Ribonuclease Inhibitor (A3500; Promega, Madison, WI). Real-time PCR of SGLT1 and GLUT2 mRNA was performed with β-actin as the internal control standard. Real-time PCR was conducted on an ABI 7500 Fluorescent Quantitative PCR system (Applied Biosystems, Bedford, MA) using RealSuper Mixture with Rox (CW0767; CWbio Company, Sandringham, UK). The protocol used was as follows: 95
• C for 4 min; 40 cycles of 95
• C for 15 sec and 60
• C for 60 sec; and 60 to 95
• C for melting curve analysis. Each gene was amplified in triplicate. Standard curves were run to determine amplification efficiency. The results were expressed as the ratio of target gene mRNA to β-actin mRNA, and differences in gene expression were determined using the cycle threshold method as described by Pfaffl (2001) .
Metabolic Trial
At 14 d old and after performance had been measured, 3 birds per replicate were removed and housed together in metabolism cages (0.60 × 0.70 m) located in a temperature-controlled room maintained at 29 ± 1
• C. After fasting for 12 h, chickens were fed a metabolic diet supplemented with 0.5% TiO 2 (inert marker). After 24 h, the excreta were collected. The fecal samples were dried at 65
• C. Feces and feed were ground and then assayed for gross energy (GE) and TiO 2 content. Gross energy was determined using an adiabatic bomb calorimeter (Leco Corporation, Saint Joseph, MI). The TiO 2 content was determined as the feed. The energy digestibility was calculated as [1 − (diet TiO 2 × GE feces)/(feces TiO 2 × GE diet)] × 100. AME (kcal/kg diet) = [(feed intake × GE diet) − (feces output × GE feces)]/feed intake.
Statistical Analysis
The results were analyzed by one-way ANOVA and Duncan's multiple range test using SPSS 15.0 for Windows (SPSS, 2010) . Percentage values were arcsintransformed before analysis. Significance was set at P < 0.05. The correlation between growth performance, nutrient digestibility and digestive enzyme activity was calculated using SPSS statistics.
RESULTS

Performance
The supplemental enzymes did not affect body weight in broilers of 14 d old (P = 0.395), and no differences in average daily weight gain were observed between broilers (P = 0.123) ( Table 2 ). However, supplemental enzymes affected FCR (P = 0.023) in broilers, and 1,500 U/kg α-amylase A tended to decrease the FCR of broilers compared to the control, whereas 200 and 400 U/kg α-1,6 isoamylase tended to increase the FCR of broilers. There were differences in the FCR between the 1,500 U/kg α-amylase A and α-1,6 isoamylase treatments.
Digestibility of Starch
The supplemental enzymes affected fecal digestibility of energy (P = 0.002) and diet AME (P = 0.003) ( Table 3 ). Compared to the control, 1,500 U/kg α-amylase did not affect fecal digestibility of energy and diet AME; however, 960 U/kg α-amylase B, or 200 U/kg α-1,6 isoamylase decreased fecal digestibility of energy and diet AME. Digestibility of energy and diet AME were different (P < 0.05) between the 1,500 U/kg α-amylase A treatment and all the α-amylase B and 400 U/kg α-1,6 isoamylase treatments.
The supplemental enzymes also affected ileal digestibility of starch (P = 0.005). Compared to the control, the 1,500 U/kg α-amylase A, 480 U/kg α-amylase B, and 400 U/kg α-1,6 isoamylase treatments decreased the digestibility of AM (P < 0.05).
For ileal digestibility of AMP and total starch, lower values were noted for the 400 U/kg α-1,6 isoamylase treatment than for the control and other treatments (P < 0.05).
Serum Biochemical Index
TC content was significantly higher in the 3,000 U/kg α-amylase A treatment than in the control treatment (P = 0.027) (Table 4) . However, compared to the control, the 3,000 U/kg α-amylase A treatment and both α-amylase B treatments tended to decrease the INS content, and both α-1,6 isoamylase treatments decreased the INS content compared to the control (P = 0.004). There was no significant difference in the INS content between the 1,500 U/kg α-amylase A treatment and the control. Supplemental enzymes had no significant effect on GLU, TG, T 3 , and T 4 content in broilers.
Weight of Digestive Organs
The enzymes did not affect the relative weight of the gizzard (P = 0.412) and proventriculitis (P = 0.168) (Table 5 ). However, the relative weight of the liver was higher in the 3,000 U/kg α-amylase A and α-1,6 isoamylase treatments than in the control treatment (P = 0.002).
Intestinal Histomorphology, Enzyme Activity, and mRNA Expression
The enzymes affected the V:C of the duodenum (P = 0.001) and ileum (P = 0.047) ( Table 6 ). There is a significant difference between 1,500 U/kg Amylase A, 480 U/kg Amylase B, and α-1,6 isoamylase at 400 U/kg level, while no differences between amylase B 480 U/kg and α-1,6 isoamylase 400 U/kg (P < 0.05). In the ileum, lower V:C values were noted for the 480 U/kg α-amylase B and 200 U/kg α-1,6 isoamylase treatments than for the control treatment and other treatments (P < 0.05).
There were no treatment effects on duodenum content of amylase, trypsin, lipase or mucosa sucrose while mucosa maltase was reduced by the dietary α-1,6 isoamylase at 400 U/kg level compared with those of control and the other treatments (Table 7) . There were no treatment effects on jejunum content of amylase, trypsin, lipase or mucosa maltase while mucosa sucrase were improved by α-amylase A at 3,000 U/kg level compared to the control, and reduced by the dietary α-1,6 isoamylase at 200 and 400 U/kg level compared with those ofα-amylase A at 3,000 U/kg. There was a negative correlation between the FCR and the activity of sucrase (r 2 = -0.824, P < 0.05), and a correlation between the digestibility of AM and the activity of maltase (r 2 = 0.806, P < 0.05). The enzymes affected SGLT1 and GLUT2 mRNA expression in the duodenum and jejunum (P < 0.05) ( Table 8 ). The 3000 U/kg α-amylase A and 480 U/kg α-amylase B treatments decreased SGLT1 mRNA expression in the duodenum and jejunum (P < 0.05), and 960 U/kg α-amylase B decreased SGLT1 mRNA expression in the duodenum compared to the control (P < 0.05). There were no significant differences in SGLT1 mRNA expression between the α-1,6 isoamylase and control treatment. The α-amylase A and 480 U/kg α-amylase treatments tended to decrease or decreased GLUT2 mRNA expression in the duodenum compared to the control (P < 0.05). In contrast, the 200 U/kg α-1,6 isoamylase treatment increased GLUT2 mRNA expression in the duodenum compared to the control, α-amylase A, and 480 U/kg α-amylase B treatment. There was a correlation between GLUT2 mRNA expression and FCR (r 2 = −0.854, P < 0.05), and between SGLT1 mRNA expression and FCR (r 2 = -0.784, P < 0.05).
DISCUSSION
The present study revealed that 1,500 U/g α-amylase from A. oryzae could decrease the FCR (F:G) of 3-to 14-day-old broilers. This is in agreement with the findings of Gracia et al. (2003) and Jiang et al. (2008) , who found that supplemented amylase could increase the performance of broilers. However, compared to 1,500 U/g α-amylase A, 3,000 U/g α-amylase A tended to increase the FCR. In addition, α-amylase B from B. subtilis had no effect on performance, and α-1,6-isoamylase from Bacillus tended to increase the FCR of broilers. These results are inconsistent with the result of Onderci et al. (2006) , who found that supplementing the diet of broilers with an Escherichia coli strain that produced amylase improved daily gains (P < 0.05) and feed conversion (P < 0.01). Jiang et al. (2008) noted that body weight gain and average daily gain increased linearly (P < 0.01) with increasing levels of amylase. Huang (2014) revealed that 300 U/kg and 600 U/kg α-1,6 isoamylase lowered the AME of the diet, and could increase body weight gain, decrease feed intake, and achieved the same effect of the control; however, FCR (F:G) was much higher than the control. Higher levels (900 U/kg) of α-1,6 isoamylase tended to decrease BW gain of broilers. These results suggest that the enzyme's effects may not always be beneficial, and excess sources and concentrations could actually cause negative effects in the broilers. Comparing the digestibility of nutrients and performance of broilers, in the present study, α-amylase from A. oryzae increased digestibility of starch and AME. However, the higher level of α-amylase from A. oryzae and the α-amylase from Bacillus subtilis tended to decrease the ileal digestibility of starch. The fecal digestibility of energy, AME, and ileal starch contents were consistent with the FCR of the broilers. Gracia et al. (2003) showed that supplemental α-amylase could significantly improve the apparent fecal digestibility of organic matter and starch and increase AME in the diet. Kaczmarek et al. (2014) noted that supplemental amylase did not affect ileal starch digestibility; however, it significantly decreased the ileal protein digestibility in chickens fed a conventional diet containing corn and improved the AME in the diet of those chickens fed finely ground corn. Kaczmarek et al. (2014) attributed the improvements in AME to increased starch digestion in the upper gut, not by the particle size of corn, but the α-amylase sources. Zhang et al. (2012) noted that the nutrient digestibility and energy efficiency of corn responded quadratically to increasing amounts of enzymes (P < 0.05), indicating a saturation effect of endogenous enzymes. Huang (2014) showed that lower levels (300 U/kg) of α-1,6 isoamylase tended to increase the digestibility of nutrients, whereas 600 U/kg increased (P < 0.15) digestibility of the nutrients, compared to the negative control. However, 900 U/kg α-1,6 isoamylase tended to decrease the digestibility of dry matter and crude protein. These results indicate that amylase performance related to nutrient digestibility varies, and that the source and level of amylase affects nutrient digestibility. The α-amylase from B. subtilis and α-1,6 isoamylase readily decreased nutrient digestibility as a consequence of decreased feed efficiency. Further research needs to be conducted to determine the saturation effect (i.e., excess amount) for α-amylase from A. oryzae, α-amylase from B. subtilis, and α-1,6 isoamylase.
Exogenous enzyme supplementation that improves nutrient digestibility might be related to increases in endogenous enzymes. There are clear relationships between the inherent digestibility of macro nutrients and enzyme activity (Cowieson and Bedford, 2009) . Jiang et al. (2007) noted that supplemental α-amylase increased amylase, protease, and trypsin activity in the duodenum and jejunum. However, Mahagna et al. (1995) noted that the secretion of amylase and proteases (trypsin and chymotrypsin) from the pancreas was reduced when chicks were fed diets supplemented with amylase and protease. Jiang et al. (2008) noted that there was a negative quadratic change in protease and amylase in the small intestine with an increase in supplementary amylase levels, and, consistent with the tendency for a linear depression of amylase activity, pancreatic α-amylase mRNA was down-regulated by dietary amylase supplementation. The present study showed that supplemental α-amylase A, B and α-1,6 isoamylase did not affect the intestinal activity of amylase, trypsin, and lipase. These findings support the results of Ritz et al. (1995) , who found that amylase activity in the small intestines of birds did not change consistently by dietary supplementation of amylase and xylanase.
Maltase and sucrase are the most investigated intestinal enzymes in nutrition research. After starch polymer nutrients are digested into maltose/maltotriose and sucrose, the smaller nutrients are further degraded by intestinal enzymes into mono-nutrients, which are then absorbed by the intestine. This study found that supplemental α-amylase A increased (P < 0.05) the activity of sucrase in the mucosa of the jejunum, and α-1,6 isoamylase reduced (P < 0.05) the activity of maltase in the mucosa of the duodenum. Jiang et al. (2007) noted that supplementary 1,000 U/kg and 3,000 U/kg α-amylase did not affect maltase and sucrase activity in the jejunal mucosa. However, 9,000 U/kg α-amylase decreased amylase activity in the duodenum and jejunum, as well as maltase and sucrase activity in the jejunal mucosa. Huang (2014) noted that high concentrations of amylase decreased the activity of digestive enzymes in the mucosa, and that lower levels (300 U/kg) of α-1,6 isoamylase did not affect the amylase activity of the pancreas, whereas 600 U/kg α-1,6-isoamylase increased the amylase activity of the pancreas. Higher levels (900 U/kg) of α-1,6 isoamylase significantly decreased the amylase activity of the pancreas (P < 0.05). The reason why different levels and sources of AM have varying effects on intestinal enzymes remains unclear. In the present study, the correlations between FCR and the activity of sucrose, and the digestibility of AM and the activity of maltase, suggest that the effect of supplemental amylase on nutrient digestibility was due to disaccharidase intestinal activity.
Nutritional factors affect intermediary metabolism, resulting in changes of serum metabolite levels in poultry (Swennen et al., 2005) . Blood GLU concentrations are likely the main determining factor of serum TC and TG concentrations (Denardin et al., 2007) . Unexpectedly, no significant differences were observed in serum GLU concentrations among the treatments in the present study. Previous studies have shown that GLU absorption is not a limiting factor for starch utilization (Suvarna et al., 2005) .
It has been reported that digestion of carbohydrates with enzymes could improve fat digestibility (Van Der Klis et al., 1995) . In the present study, serum TC levels were higher in the 3,000 U/kg α-amylase A treatment. This increase in blood TC is in accordance with the results of Hajati et al. (2009) , who reported that adding enzymes might alleviate the limitations in the functioning of bile salts and their emulsifying properties in intestinal digesta.
The addition of the enzymes used in the present study enhanced the digestion of feed and the absorption of nutrients, which in turn had an effect on hormone concentrations. Glucose is the primary trigger for postprandial changes in metabolic and endocrine functioning. The insulin level may affect growth and nutrient utilization. Previous studies also reported that adding exogenous enzymes to the diet of broilers could improve the serum INS level, indicating that enhanced digestion and absorption of nutrients, which is caused by enzyme supplementation, could have an effect on hormone concentrations (Gao et al., 2008) . However, other reports indicated that the addition of an exogenous enzyme had no effect on serum T 3 , T 4 , and INS concentrations (Wang et al., 2005; Luo et al., 2009 ). In our study, 1,500 U/g α-amylase A did not affect the INS level. However, the 3,000 U/g α-amylase A and α-amylase B treatments tended to decrease the INS level, and isoamylase significantly decreased the INS level. The lower INS levels in this treatment suggested that the metabolizable energy supply was lower, which was in accordance with the decrease in growth rate and nutrient utilization in the birds. The present study suggests that supplemental α-1,6 isoamylase might negatively affect broiler chickens.
The present study also demonstrated that amylase affected SGLT1 mRNA expression in the duodenum and jejunum, and there was a correlation between GLUT2 or SGLT1 mRNA expression with the FCR. Glucose derived from the hydrolysis of starch is taken up into the epithelial cells, predominately by the sodium-dependent GLU co-transporter SGLT1 (Müller, 2014) . Efflux of GLU from enterocytes into the blood is mediated by GLUT2, as a facilitative uniporter with a low affinity, but high transporter capacity. Wang et al. (2005) found that exogenous enzyme supplementation could increase SGLT1 and GLUT2 mRNA expression in the intestine, which suggested that exogenous enzymes could improve the absorption of GLU in broilers. Furthermore, it has been well documented that dietary carbohydrates induce expression of SGLT1 genes in the intestine (Shimada et al., 2009) . In the present study, more AM was produced by adding α-1,6 isoamylase. Consequently, slowing carbohydrate digestion might lead to a shift in the GLU transport activities of SGLT1 and GLUT2 mRNA (Shimada et al., 2009) . It is likely that the upregulation of SGLT1 and GLUT2 gene expression by supplemental α-1,6 isoamylase is regulated at the transcriptional level.
The present work showed that the 3,000 U/kg α-amylase A and α-1,6 isoamylase treatments increased (P < 0.05) the relative weight of the liver in broilers. The liver is the main synthesis and metabolism organ, and is responsible for the clearance and disposal of approximately 25% to 35% of dietary GLU (Sharabi et al., 2015) . After a carbohydrate meal, 33% of the GLU is taken up by the liver (Moore et al., 2012) . Denardin et al. (2007) noted a relationship between starch digestibility and hepatic metabolism. The GLU originating from starch degradation was transported to the blood to sufficiently maintain its concentration to supply energy to other tissues (Denardin et al., 2007 (Denardin et al., , 2012 . The higher flow of GLU into the liver might be metabolized into fatty acids, which would result in an increase in serum cholesterol. The present study is agreement with previous results of Sharabi et al., (2015) . However, the higher flow of GLU into the liver increased hepatic metabolism, and to adapt to these changes, hypertrophy and fat accumulation was observed in the liver.
The present study showed that supplemental 3,000 U/kg α-amylase A, 480 U/kg α-amylase B, and 200 U/kg and 400 U/kg α-1,6 isoamylase decreased V:C in the duodenum. This is contrary to previous studies, which noted that α-amylase supplementation increased the length of the villi in the intestine (Ritz et al. 1995; Onderci et al., 2006) . Intestinal cell proliferation occurs mainly in the crypts (Iji et al., 2001) . Enzyme supplementation can lower the rate of cell proliferation in the crypt, decrease crypt depth, and increase the rate of the V:C (Silva and Smithard, 2002) . The lower crypt depth, as a result of enzyme addition, can be considered a beneficial way to decrease the cost of intestinal maintenance in birds (Shakouri et al., 2009 ). Thus, the lower V:C suggests a high nutrient requirement for intestinal maintenance and reduced efficiency in these birds.
In conclusion, the effect of amylase on broiler performance depends on the source and supplemental level. The 1,500 U/g α-amylase from Aspergillus oryzae increased the activity of sucrase in the mucosa of the jejunum, decreased the rate of cell proliferation in the crypt, reduced requirements for intestinal maintenance, increased digestibility of starch and AME, and decreased the FCR of broilers. The mechanism of action that 3,000 U/g α-amylase from A. oryzae, α-amylase from B. subtilis, and α-1,6 isoamylase from B. subtilis tended to decrease the activity of sucrase in the mucosa of the jejunum, decrease the digestibility of starch and AME, and increase the FCR of the broilers requires further research.
